Objective To investigate the effects of adjuvant mental practice (MP) on affected upper limb function following a stroke using three-dimensional (3D) motion analysis. Methods In this AB/BA crossover study, we studied 10 hemiplegic patients who had a stroke within the past 6 months. The patients were randomly allocated to two groups: one group received MP combined with conventional rehabilitation therapy for the first 3 weeks followed by conventional rehabilitation therapy alone for the final 3 weeks; the other group received the same therapy but in reverse order. The MP tasks included drinking from a cup and opening a door. MP was individually administered for 20 minutes, 3 days a week for 3 weeks. To assess the tasks, we used 3D motion analysis and three additional tests: the Fugl-Meyer Assessment of the upper extremity (FMA-UE) and the motor activity logs for amount of use (MAL-AOU) and quality of movement (MAL-QOM). Assessments were performed immediately before treatment (T0), 3 weeks into treatment (T1), and 6 weeks into treatment (T2). Results Based on the results of the 3D motion analysis and the FMA-UE index (p=0.106), the MAL-AOU scale (p=0.092), and MAL-QOM scale (p=0.273), adjuvant MP did not result in significant improvements. Conclusion Adjuvant MP had no significant effect on upper limb function following a stroke, according to 3D motion analysis and three clinical assessment tools (the FMA-UE index and the two MAL scales). The importance of this study is its use of objective 3D motion analysis to evaluate the effects of MP. Further studies will be needed to validate these findings.
INTRODUCTION
Stroke patients with dysfunction of the upper extremities can face significant problems in their activities of daily living (ADLs) as well as in the recovery of other general functions [1] .
Although many different therapeutic approaches are available for improving upper extremity function after a stroke [1] , it is important to select the most appropriate intervention for rehabilitation in accordance with the severity of impairment.
Mental imagery is an active process that combines all six senses: visual, auditory, tactile, kinesthetic, olfactory, and gustatory [2] . Motor imagery, a component of mental imagery, is associated with a specific movement produced by the internal reproduction of motor action without motor output [2, 3] . Mental practice (MP) involves motor imagery and includes repetitive imagination of a physical activity with the intention of performing that activity or improving performance [2, 4] . MP allows an individual to perform tasks repeatedly without physical exhaustion or any risk to safety [5] . In addition, it enables patients to practice complex physical tasks that the stroke had rendered difficult. MP was first used in sports to improve techniques, and it is believed that neural loops and movement patterns may be activated during MP [1] . The application of MP in stroke patients was reported to activate the cerebral and cerebellar sensorimotor structures repeatedly [6] , and similar results were obtained when the actual tasks were practiced, according to a study involving positron emission tomography [7] . Another study [8] showed that MP increased activity in the premotor area, the primary motor cortex, and the superior parietal cortex. In patients receiving hemiplegic stroke rehabilitation, the application of MP along with other neurological practices was shown to help recovery of unilateral upper limb function at a low cost and without risks or complications [8] [9] [10] .
Based on a review of the Cochrane database in 2011 (6 trials, n=119), the use of rehabilitation treatments combined with MP was found to be more effective for improving upper extremity function after stroke than were rehabilitation treatments without MP [4] . Previous studies assessed MP for accomplishing ADLs (such as ironing or buttoning a shirt, turning a page in a book, lifting a cup, or opening a door). However, results of several studies using the Fugl-Meyer Assessment of the upper extremity (FMA-UE), the action research arm test (ARAT), and the motor activity log (MAL) to evaluate muscle power and hand function indicated a mismatch between the intervention and evaluation methods [10] [11] [12] .
Conventional studies [10, 11, 13, 14] have shown that upper extremity function can be improved with adjunctive MP; however, in these studies, the tasks performed during MP and the tools used for evaluating upper extremity function differed, making it difficult to measure the actual changes. Furthermore, the authors of a previous study [12] claimed that patients with motor recovery after a stroke episode that occurred within the previous 6 months (subacute) did not benefit from MP. These patients had performed tasks such as opening, grasping, and lifting household objects; however, upper extremity function was measured by means of the ARAT, which led to differences between the tasks and the evaluation method. In order to evaluate the actual changes in a patient's motions, we used objective three-dimensional (3D) motion analysis to investigate the identical motions that correspond to MP (in this case, drinking from a cup and opening a door).
The patients assessed in previous MP studies usually had chronic stroke, and few such studies have been performed in patients with subacute stroke. Because our hospital treats mainly those with subacute stroke, we focused on the effects of MP in this group.
In order to participate in therapy and follow instructions, patients undergoing traditional studies of MP and upper limb function [1, 8, [10] [11] [12] [13] 15, 16] are required to have good cognitive scores on the Mini-Mental State Examination (MMSE) or stable mental status, as well as the ability to understand verbal instructions. However, adequate MMSE scores and compliance with instructions alone are not sufficient to validate the effectiveness of MP. Therefore, our investigation cites studies on motor imagery [17, 18] , evaluating patients using a standard score of 2.26 on the Vividness of Movement Imagery Questionnaire (VMIQ).
In the present study, additional MP was provided to stroke patients who practiced conventional occupational therapy and performed identical tasks along with MP. Moreover, 3D motion analysis was carried out to understand the effects of MP on upper extremity function in real life after a stroke. We also compared the outcomes of www.e-arm.org 3D motion analysis and of clinical assessments (FMA-UE and MAL) to detect evidence of any congruity between these methods of evaluation.
MATERIALS AND METHODS

Subjects
Initially, 15 stroke patients were enrolled, but during the study 5 patients withdrew their consent to participate. The study included 10 stroke patients who were admitted to our hospital between March and November 2012. The patients had mean scores of 28.3 on the Korean version of the Mini-Mental State Examination (K-MMSE), 68 on the Korean version of the Modified Barthel Index (K-MBI), and 1.53 on the VMIQ at an average of 128.1 days from stroke onset. Of the 10 patients, 7 were diagnosed with infarction and 3 with hemorrhage ( Table 1) .
The inclusion criteria were as follows: (1) infarction or hemorrhage as the primary diagnosis; (2) hemiplegia with unilateral lesions; (3) subacute status, meaning that the stroke occurred more than 1 month before the study began but within the previous 6 months; (4) the ability to lift a cup and open a door using the impaired extremity, with a rating of stage >3 on the Brunnstrom scale (to permit upper extremity motion analysis); (5) K-MMSE scores of >24 (to be able to understand and follow instructions during the MP study); and (6) adequate degree of imagination for MP (i.e., patients who score low on the VMIQ are effectively able to use motor imagery for movement of the upper extremity) [17, 18] . Exclusion criteria were as follows: (1) any surgery within 6 months prior to the study; (2) fractures or musculoskeletal injuries on the hemiplegic side; and (3) severe hemiplegic spasticity, with a Modified Ashworth Scale (MAS) score of ≥3, or severe pain, with a score of ≥5 on the visual analog scale (VAS). All patients were required to sign an informed consent form that was approved by the Institutional Review Board of the Korea National Rehabilitation Center.
Study protocol
We used an AB/BA crossover design for this study. After providing informed consent, the patients were divided into two groups of five patients each. A computer-generated system was used for randomization, and the assignment of patients to the groups was performed using a randomly permuted block design, with a block size of 4. Group 1 performed MP for 20 minutes, 3 times a week, in addition to conventional rehabilitation therapy for 30 minutes, 5 times a week, for the first 3 weeks. This was followed by 3 weeks of conventional rehabilitation therapy alone. Group 2 received only the conventional rehabilitation therapy for the first 3 weeks, followed by MP for 20 minutes, 3 times a week, in addition to conventional rehabilitation therapy for 30 minutes, 5 times a week for the following 3 weeks, for a total of 6 weeks (Fig. 1) .
The MP protocol included two tasks-drinking from a cup and opening a door-and included three, 20-minute steps: relaxation, MP, and refocusing. Patients were placed in a quiet, comfortable room and listened to a pre-recorded script directing them to imagine that they were moving the affected upper extremity.
The evaluation of the affected upper extremity involved 3D motion analysis of the two tasks to determine the kinematic factors involved in shoulder, elbow, and wrist motions (Fig. 2 ). According to a previous study, 3D motion analysis can be used to quantify upper extremity motion and to help in assessing the outcomes of stroke rehabilitation [19] . Another study reported that 3D motion analysis can be used to objectively quantify upper extremity motor performance during functional tasks in patients who can perform the tasks of reaching and drinking [20] . We used the Vicon MX-T20 motion analysis system (Vicon Motion Systems, Oxford, UK) to evaluate the angle of each joint and changes in position. With this www.e-arm.org system, eight cameras (sampling at 200 Hz) were used to track the 3D trajectories of reflective markers placed on the skin. For the tasks involving drinking from a cup, the patients were seated comfortably in a chair, and the cup was placed on a table in front of them. They were then asked pick up the cup, drink from it, and put it back on the table. Changes in circumduction ratio, velocity, smoothness, elapsed time, and joint angle were measured, and the analysis included six phases: (1) the reaction phase (between the beginning of the experiment and before the initial movement of the body); (2) the reaching phase (when the hand stretches out for the cup); (3) the forward transfer phase (when the patient brings the cup to his or her mouth); (4) the drinking phase; (5) the back transfer phase (when the patient places the cup back down); and (6) the returning phase (when the patient's hand is withdrawn from the cup). In addition, the joints of the upper arm were divided for analysis into the shoulder, elbow, wrist, and fingers.
For tasks involving opening a door, the patients were instructed to take hold of the doorknob, turn it, and then return it to its original position. In this experiment, changes in velocity, smoothness, elapsed time, and joint angle were measured. Motion was evaluated during two phases: supination and pronation. Velocity, smoothness, elapsed time, and each joint angle were evaluated as factors of motion analysis, and the FMA-UE and MAL scales were used. All evaluations were performed three times: before treatment (T0), 3 weeks into treatment (T1), and 6 Crossover study design, including three phases: T0 was the first assessment, performed at the start ; T1 was the second assessment, performed at phase-change; and T2 was the third assessment, performed at the end.
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Fig. 2.
Images of the three-dimensional motion analysis using the Vicon MX-T20 system for opening a door and drinking from a cup.
(A) Opening a door and (B) drinking from a cup.
www.e-arm.org weeks into treatment (T2).
D motion analysis factors
We measured the following factors for the motion analysis: reaction time, movement time, peak velocity (PV), peak angle velocity, range of motion (ROM), normalized jerk score (NJS), interjoint coordination, straightness ratio (SR), and movement units.
Clinical assessment of motor function
For clinical assessment of the results, we used the FMA-UE and MAL scales.
Sample size
The G*Power program was used to yield a sample size of the test subjects (G*Power v3.0.10; Franz Faul, Kiel University, Germany). In addition, G*Power was used to yield the sample size for the amount of use (AOU) and quality of movement (QOM) scales of the MAL tests [16] . For the AOU scale of the MAL test, an α-error of 0.05, a β of 0.2 (power, 80%), and an effect size of 2.4 were the settings in the calculation using G*Power. For the QOM scale of the MAL test, an α-error of 0.05, a β of 0.2 (power, 80%), and an effect size of 4.0 were the settings in the calculation using G*Power. The results showed that the control and experimental groups required at least 5 patients each. Ultimately, considering the dropout rate, 15 patients were recruited.
Statistical analysis
To compare the effect of each intervention (adjuvant MP vs. conventional rehabilitation alone), a pre-analysis process was used because of the crossover study design.
We assessed the homogeneity of the initial values, the period effect, and the treatment-period interaction between the two groups (Group 1 vs. Group 2) (Fig. 1) . To test and compare the homogeneity of the initial values (T0) between the two groups, the Mann-Whitney U test was used. Prior to the evaluation (T0), the motion analysis factors and the FMA-UE and MAL results were compared between the groups, and no significant differences were noted; therefore, homogeneity could be assessed.
The period effect was compared between the two groups using the Mann-Whitney U test, which was also used to assess differences in the evaluation scores before and after MP, the motion analysis factors of the two groups, and the FMA-UE and MAL results. To study the effect of time in both the groups, we compared differences in the FMA-UE and MAL results and the 3D motion analysis factors between the two groups during each M+C phase (MP plus conventional rehabilitation). However, no significant differences were noted between the two groups, indicating that time had no impact on the effectiveness of the treatments.
We investigated the possibility of a treatment-period interaction by assessing whether in the absence of an interaction, a patient's average response to the treatments would be the same, regardless of the order in which they were received. For the motion analysis factors and the FMA-UE and MAL results of the two groups, the MannWhitney U test was used to assess differences between the evaluation scores before treatment and after 6 weeks of treatment. However, no significant change was noted in the scores of either group, indicating that the sequence of the tests had no impact on the effectiveness of the treatment with respect to the treatment-period interaction.
Thus, we found no significant differences between the two groups with respect to initial values, period effect, or treatment-period interaction. Therefore, to study the effects of MP, the results could be analyzed after regrouping the patients into Group M (MP combined with conventional rehabilitation therapy) and Group C (conventional rehabilitation therapy alone) (Fig. 1) . Consequently, we based the verification of the effects of MP on the scores of a group of 10 patients before and after carrying out both conventional therapy and MP, and we compared the findings with those of another group of patients who underwent conventional therapy only. The Wilcoxon test was used to compare the assessments before and after training. All statistical analyses were performed using SPSS ver. 14.0 software for Windows (SPSS Inc., Chicago, IL, USA). Differences with a p-value<0.05 were considered statistically significant.
RESULTS
Assessment of period effect and treatment-period interaction
To investigate the period effect in both groups, we compared differences in the FMA-UE and MAL results www.e-arm.org and the 3D motion analysis factors between Group 1 and Group 2 during each M+C phase. We found no significant differences between the two groups in the following parameters: FMA-UE (p=0.151), MAL-AOU (p=0.151), MAL-QOM (p=0.690), drinking from a cup reaction time (p=0.151), movement time (p=0.548), total PV (p=0.548), total NJS (p=0.151), total SR (p=0.730), total movement unit (p=0.548), opening a door reaction time (p=0.056), total movement time (p=0.548), pronation PV (p=1.000), supination PV (p=1.000), and NJS pronation (p=0.548).
These results showed that time had no impact on the effectiveness of the treatments.
To investigate the possibility of a treatment-period interaction, we compared differences in the FMA-UE and MAL results and 3D motion analysis factors before the treatment and after 6 weeks of treatment between Group 1 and Group 2. We found no significant differences between the two groups in the following parameters: FMA-UE (p=0.690), MAL-AOU (p=0.548), MAL-QOM (p=1.000), drinking from a cup reaction time (p=0.095), movement Values are presented as mean±standard deviation and were derived by subtracting the values at the end of each phase from those at the start (T2 − T1, T1 − T0). M+C phase, mental practice and conventional therapy phase; C phase, conventional therapy phase only; PV, peak velocity; NJS, normalized jerk score; MU, movement unit. www.e-arm.org time (p=0.222), total PV (p=0.310), total NJS (p=0.222), total SR (p=0.841), total movement unit (p=0.151), opening a door reaction time (p=0.841), total movement time (p=1.000), pronation PV (p=0.690), supination PV (p=0.222), and NJS pronation (p=0.222). These results showed that the sequence of the tests had no impact on the effectiveness of the treatments with respect to treatment-period interaction.
Comparison of Group M and Group C with respect to 3D motion analysis
In the tasks that involved drinking from a cup and opening a door, the 3D motion analysis showed that movement time did not significantly decrease when MP has been performed (Fig. 3A) . In addition, the peak velocity in drinking from a cup and the supination peak velocity in opening a door showed no significant improvement (Fig. 3B) ; however, the two groups showed no significant differences for these values ( Table 2) . Although the pre-and post-treatment effects showed improvements, the differences were not statistically significant on the 3D motion analysis. The results of MP combined with conventional rehabilitation therapy and of conventional rehabilitation therapy alone did not differ significantly on 3D motion analysis. Table 3 presents the changes in each patient's FMA-UE results when MP and conventional therapy were performed simultaneously. On comparing the FMA-UE results between the two groups, we found that functional gain was greater in Group M than in Group C (4.00±1.94 vs. 2.10±2.23); however, the difference was not significant (p=0.106). Similarly, on comparing the MAL results between the two groups, we found that functional gain was greater in Group M than in Group C; however, the results for MAL-AOU (0.17±0.17 vs. 0.03±0.09) and for MAL-QOM (0.04±0.07 vs. 0.01±0.03) were not significantly different between the two groups (p=0.092 and p=0.273, respectively) ( Tables 4, 5 ).
Comparison of Group M and Group C with respect to the FMA-UE and MAL scales
The pre-and post-treatment effects showed improvements; however, the differences were not statistically significant with regard to the FMA-UE and MAL scales.
The results of MP combined with conventional rehabilitation therapy and conventional rehabilitation therapy alone did not differ significantly on the FMA-UE and MAL scales. www.e-arm.org Data are derived by subtracting the values at the end of each phase from those at the start (T2 − T1, T1 − T0). Variation in MAL-AOU result: Group M, 0.17±0.17; Group C, 0.03±0.09. MAL-AOU, motor activity log amount of use; M+C phase, mental practice and conventional therapy phase; C phase, conventional therapy phase only; Group M, mental practice combined with conventional rehabilitation therapy; Group C, conventional rehabilitation therapy alone. Data are derived by subtracting the values at the end of each phase from those at the start (T2 − T1, T1 − T0). Variation in MAL-QOM result: Group M, 0.04±0.07; Group C, 0.01±0.03. MAL-QOM, motor activity log quality of movement; M+C phase, mental practice and conventional therapy phase; C phase, conventional therapy phase only; Group M, mental practice combined with conventional rehabilitation therapy; Group C, conventional rehabilitation therapy alone.
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DISCUSSION
We believe that this is the first MP study to include both 3D motion analysis and clinical assessments in stroke patients, with the same tasks being used for both evaluation methods and interventions. This study clinically evaluated the effects of adjuvant MP on upper limb function in stroke patients. In addition, this was an AB/BA crossover study that allowed for observation of improvements in upper extremity function through 3D motion analysis when certain tasks identical to MP tasks were performed, such as drinking from a cup and opening a door; however, the improvements in the two conditions did not differ significantly.
With use of a crossover design, the same group of patients underwent both treatment sessions of interest in sequence and then in reverse order. Hence, we used randomization to determine the order in which the treatment sessions would be undertaken. The crossover design has some attractive features, that is, treatments could be compared 'within subjects' rather than 'between subjects' and only a small sample size was needed. However, such a two-period crossover trial has some important disadvantages. Because there might be a period effect or a carry-over of the treatment effect from one period to the next, we investigated the possibility of treatment-period interaction by assessing whether in the absence of an interaction, a patient's average response to the treatments would be the same regardless of the order in which the treatments were carried out. In addition, we investigated the possibility of a period effect by comparing the differences between the periods in the two groups of patients. Finally, we could assess the treatment effect on all 20 within-subject differences between the two treatments, because no period effect or treatment-period interaction was noted. The present study showed that there were improvements in upper limb function following a stroke in both Group M and Group C; however, no significant differences were noted between the groups.
In MP, it is important for participants to perform a task efficiently. In previous MP studies, either a good cognitive level on the MMSE (or modified MMSE) or the ability to understand and follow simple verbal instructions was the standard prerequisite for participation in this type of treatment [1, 8, 10, 11, 15, 16] . Because there are no data for setting standards on whether patients can efficiently perform additional MP, we used the VMIQ to include patients who scored less than 2.26 with respect to adequate imagination skills for MP to enable effective upper extremity motor imagery [17, 18] .
A previous study compared groups that performed MP for a duration of 20, 40, or 60 minutes [10] . No definite change patterns were noted with regard to functional limitation of the impaired arm, indicating that repetitive, task-specific practice was effective when MP was combined, regardless of 'dose' level. Therefore, the patients in our study performed MP for 20 minutes at a time, taking into consideration the factors of compliance and fatigue.
The majority of previous studies of MP used tasks such as reaching for and grasping a cup or object, turning a page in a book, writing with a pen/pencil, eating, and using a hairbrush or comb. However, because functional assessments of the upper extremity involved the use of FMA-UE, ARAT, and MAL as tools for analysis, the training data used in MP and the evaluation results in these studies showed a mismatch, making changes in ADLs difficult to observe. Therefore, with 3D motion analysis, we aimed to observe real changes in the patient's actions by assessing the activities mentioned in MP training methods, including simple daily tasks, such as drinking from a cup and opening a door.
A previous study that targeted subjects who had had a stroke within the previous 1 to 3 months and who practiced MP and conventional therapy simultaneously noted improvements in the Motricity Index on the upper extremity and arm functional test [1] . Similarly, another study showed that in targeted groups with subacute stroke (i.e., a stroke that occurred within the previous 6 months), improvement was greater with MP combined with conventional therapy than with conventional therapy alone [21] . However, in our study, the MP group showed some improvement in upper extremity function, although there was little difference between the groups. These results correspond to those from a report claiming that patients with subacute stroke did not benefit from MP in terms of increasing motor recovery [12] .
Although motor imagery might be beneficial for the recovery of motor function after a stroke, limited information is available on the MP protocol for motor neurorehabilitation. We were primarily interested in therapeutic efficacy during 3D motion in real life.
The findings reported here might be of value consid-
www.e-arm.org ering that we used 3D motion analysis during MP to objectively assess everyday tasks, such as drinking from a cup and opening a door. In addition, our study differs from existing studies in that the unbiased evaluation of qualities of movement (e.g., ROM, joint motion torque, velocity, and motion smoothness) provided observable changes in function before and after MP by means of objective 3D motion analysis. We compared the results of this analysis with those obtained using conventional assessment tools (FMA-UE and MAL), and in all cases the corresponding findings were negative. Based on the hypothesis that neural loops and movement patterns are activated, these clinical effects might imply that MP alone can achieve the same results as those obtained when performing the actual tasks [1] . This conclusion was supported by a study in which changes in cerebral function that occurred after MP were the same as those seen with actual training [7] . In another supporting study, MP activated motor-related brain lesions and induced cortical plasticity [8] .
The present study had some limitations, one of which was the small number of patients tested. Although we showed no interactions in the period effect and treatment period, MP performed along with conventional therapy did show positive results, albeit the differences between the groups were not statistically significant. We found that a relatively large standard deviation might have resulted in negative results. Even if our study had been designed to exclude the period effect initially, spontaneous functional recovery from subacute stroke would most likely have occurred. In addition, although we hoped to overcome 'consciousness factors' , such as the patient's attention and concentration during MP, differing levels of compliance could have affected our results. The patients were asked to perform MP for 20 minutes because a previous study has shown that repetitive, task-specific practice was efficient when MP was combined, regardless of the duration. However, in a recent study, superior results were obtained with high-dose MP than with low-dose MP. Considering this recent finding, the short duration of MP in our study might have been less effective [22] .
To rule out the possibility of spontaneous recovery, we did not include a control group (i.e., no treatment) in the comparison; therefore, a controlled study with a larger sample size may be required in the future.
Our primary interest in this study was to determine the effect of MP in patients with stoke during 3D motion in real life. The results using clinical assessment tools as well as 3D motion analysis indicated that adjuvant MP had no significant effect on post-stroke function of the affected upper limb. This study is important in that we used objective 3D motion analysis to evaluate the effect of MP in this group of patients. Furthermore, such an analysis could assess the tasks and the evaluative tools and measure actual changes in movement. Nevertheless, future studies will be needed to verify the validity and reliability of the objectivity of 3D motion analysis. Based on the findings reported here, we expect 3D motion analysis to be used as an objective tool for assessing upper limb function in patients who have had a stroke. Future studies with larger sample sizes are required to validate the effects of MP.
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